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This  paper  presents  radiat ion dosimetry results from the Radiatiou anrf Reliabi l i ty  Assurance
E x p e r i m e n t s  o n  the Clementine s p a c e c r a f t  a n d  lnterstage Adaljtcr Sa te l l i t e .  The  dosirnetry
instruments utilize low dose response p-channel Field Effect Transistor and proton sensitive
Stat ic  Random Access Memory closirnetcrs. ‘1’l]ese closimeters succes s fu l l y  demons t r a t ed  an
order of magnitude decrease in instrument wei~ht  and power over previous systems. The data
confi rms pre-]aunch  predict ions o f  lhe total dos;  e f f ec t s  011 Cha!&ed  C o u p l e d  D e v i c e  d a r k
current and on Complementary Metal oxide  Semiconductor 1.2 and 0.8 pm  technology design
and process parameters in the space environ  melit. A solar proton event  during the early phases
of the mission allowed a comparison b e t w e e n  t h e  Clementine Ineasur-ed  p r o t o n  fluence  a n d
ene rgy  spec t r a  ancl the Geostationnry Ope ra t i ona l  F.nvironmental Satellite number 6 measured
proton fluence and energy spectra, These data confir])!ed  th~ proton spectrometer  design and
operat ion.
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1NTRODUCTION

The mission goal of the Clemcntine  Engineering Experiments
Program was to evaluate the effects of the space cnvimnmenl  on
advanced Ballistic Missile I)cfcnsc Organization (BMDO)
technologies being flight tested on the main Clementine
spacecraft and the Intcrstage Ackrptcr  Satellite (ISAS). l’he
Radiation and Reliability Assurance eXpcrime.nt  (l{RELAX)
instrument contributed to the flight  qrrrdifica~ion  of advanced
BMDO technologies by preforming radiation ctosimetry  in the
space enviromncrm  The RRE1 .AX closimctry instruments utilized
Jet Propulsion I.aboratory  (JPL) low dose response p-channel
Field E. ffcct Transistor (pFH’) and proton sensitive Static
Random Access Memory (SRAM) lntcgra[ed Circuit chip (IC-
chip) dosimcters.  Ttrcsc closimc[cm, collectively called RADiation
MONitors (RAIJMC)NS), demonstrated aJ~ order of magoilude
dccreme in instrument weight and power over previous systems.

Dosimctry data for the Clcmcntinc spacecraft, On 21 Feb.
1994 and 12 May 1995, and IS AS, throug!~out  its mission, are
presented in this paper. The ISAS pIW’1’ dafa confirmed pre-
launch predictions of the total dose effects on Charged Coupled
Device (CCD) dark current and OJ1 1 Icwlett-Packard  (HP) 1.2 and
0.8 pm technology design and process parameters in [he space
environment. A solar proton event during the cmly  phases of Ihe
mission allowed a comparison between the Clcmentinc  RRE1.AX
measured proton flucncc and energy spectra and the. Gcos[a[irmary
Operational Environmental Satellite IIumber  6 (GOES-6)
measured proton flucncc and energy spectra. Ilcse  data conlirmed
the SRAM proton spcctrornctcr  design and opemtion.

RRELAX IMI)ERIMEN’l  DESIGN

Two identical RRELAX experiments flew on the Clemcntine
missions-one on the Clemcntinc spacecraft and one cm the
IS AS. The RRE1.AX experiments arc auto] iomous micro
processor controlled dntrt handling and analog  test SySICnlS. They
were contained on three Dcvicc lJnder  ‘J’est  (DUI’) brxards. These
boards, tcnncd the x, y, rm(f z-DLYI’ bo,ards,  are shown in Figure
1. The z-DLJrI’ board, which contains most of the RRE1.AX
experiments, is mounted on the top of the RRELAX box normal
to the 7.-axis.

The drrta presented in this paper were generated by the z-DLJT
board RADMONS and CCD2. }>ach DU’I’ board was covered with
a 0.5 roil, Al equivalent, aluminized kapton dust cover while
RADMON(ii2), which had no Kovar lid, was covered with an
additional 0.5 mil aluminized krpton dust cover. CCD2 had a 15
mil Kovar l i d ,  RADMON(Z3) a 1 0  mil Kovnr l i d ,
RADMON(Z5) two 10 mil Kovar lids, and RADL40N(Z.4) [hrce
10 mil Kovar lids. The lSAS RRE1.AX was also covered by a 6
mil Al equivalent thermal blanket.

~lm z-EMT board RA1)MONS were fabricated through h40SlS
at 11P Corvallis  in 1.2 pm technology and the JPL CCD2S at
Lora], A pFJ3T dosimctcr  and SRAM prolon coun[cr was
contained on each 1,2 ~m RADMON IC-chip (Z2, 23, 25, &
24) OJ) the z.-DUT board, shown in Figure 1.

pIWT l) OS1h41H”1;R SYSTl?h4  D E S I G N

‘lhe ])FET dosimetcl  system was designed to measure total
dose fro] n all radiation t ypcs. l’he sensors were placed behind four
different shieldi]lg  thickilesses  to produce dose-depth curves for
the Clenlentine  aIId ISAS cxpcrimcnts.

Tile cfosimetcr  consisted of a pFET that was operated in a
constant cunent  mode (I;igure  2). This allowed the temperature
effects on channel mobility and threshold voltage to cancel each
other. l’!le objective of this design was to minimize temperature
effects mld emphasize close dependence. lle pFETs have a closed
gcome(l  y gate eliminating the source to drain “bird’s beak”
leakage ] lath.  Dosimetry  measured via the pFET threshold voltage
shifts uas inftucnccd  by two second order effects: (a) the
temperature sensitivity of [he transconductancc  factor and the
dlreshold voltage, V’1’, and (b) the source to drain “bird’s beak”
lc,akrige  current. “1’hc goal in developing the advanced pFET
dosimet[’r  was to minin~im  or eliminate these effectsl.

The JJFET dosimctcrs  vrcrc only powered during readout and
accumulatect  dose while in an unpowered s(a[e.  The four pFET
dosimeters  were read once per hour and their data from the
previous hour overw]-i[[cn.  Because pF13Ts are integrating
dosimetcrs  and have a larger radiation damage factor when
unpowe]ed,  this lnodc of opcra[ion  is satisfactory.

S1{AM P R O T O N  Sl)lt(:’I’I{Ohf  llTII{ SYSTIW
D1?SIGN

The SRAM proton spccLromcter  system was designed to
rncasurc  the prc>ton  energy spcctrurn and ftrrence for use in
computing pro[o]l !luence and energy at the Clementine
experiments, Four shielding dlicknesses  were used to pick-off the
external pro[on  cnvirolll]lcllt  at four different energies allowing
the energy spcclrum  to be measured. 1’WO energy bins were used
to allow heavy ion and proton-i nduccrl  nuclear reactions to be
subtracted from Lhe ploton data. The threshold of the proton-
sensitive bin was set just below [IIC proton Bragg peak to
optimiz(’ the energy  lntzlsurcnlenL.

The SRAM detector’ design was fabricated in 1.2-wI, n-
WCII, double- mcLal Ch40S/epi. A schematic diagram of the
SRAM cell, or pixel, is shown in Figure 3, This cell differs
from ttlat of a standard six-[ransis[or  SRAM cell in three ways:
(1) the source of dle pJMT, Mp2, is COI)IleCtCd  to an adjustable
offset I’ol tage, V,0’ instead of V1)l) to provide a control of the
cells up$e[ capmlrmce; (2) Lhe drain ,arert  Dn2 of nFET Mn2 has
been enlarged by a facmr of four over minimum to enhance upset
rates, thus reducing nleasurement time; and (3) the cell is
imbalarlccd  by uridellinp, hfn2 over minimum to enhance its SW
sensitivity versus VC),

In (Iperrt[ion, all [he memory cells were writ[en into a
“sel]si[ivc” state, whclc Mn2 was turned OFF and h1p2 was
turned ON, connec[inF,  V. m the bloated draiIl,  Dn2. VDD was
thcli lowered to 3 V and V. was lowered below VDD = 3 V
allowing the SRAM to accumulate upsets at a given  V. value.
llcrcafter V{) and VDI ) were returned to 5 V and the CC1lS read m
ck[errniae  the number  of upscts2,



Four SRAM chips were mounted [o face along the z-axis of
the experiment, two facing the x-axis, and two facing the y-axis,
for a total of 8 chips, as shown in Figure 1. The SRAM portion
of each chip was controlled using a single VDD and V. for all 8
chips. All z-axis SRAMS, and onc  SRAM on the x -axis and
one on the y-axis, were, fabricated in 1.2 pn technology. One
SRAM on the x-axis and one SRAM on the y-axis were
fabricated in 0.8pm technology.

l’he SRAMS were made sensitive to upset by apply ins 3
volt-s VDD and V. voltrrges  that have the following AVP values
above the spontaneous flip volmgc:

AVP=0.150V
AVP=I.OV

The spontaneous flip voltage is the value of V. where [he
SRAM cell becomes me[a-stable  and spontaneously flips. The
offset voltage wass  set above the spontaneous flip voltage by an
amount AVP to sensitiz,c  the SRAM cell to protons, heavy ions,
and nuclear reactions (AVP = 0.150 V) or to heavy ions and
nuclear reactions only (AVP = 1.0 V). lle integration period for
these sensitive states was a constant of 100 seconds. At the end
of each integration period, each of the 8 SRAMS were eva]rratcd
for bit changes, or upsets, and the total  number for each chip
stored in the dam structure. l’hc data structure  nnd software flow
are shown in Figure 4.

When the evaluation of SRAM response was complete,
software accumulated the LIpsct  totals. I;ach chip hod its own
accumulation, or running total, for each value of AVP. SRAM
contents were then resstorcd to their stinting state and the second
value of AVP set for the next intcgratiorr  time. ‘Ile experiment
software alternated between the two AVP values On a 1:1 ratio.
This was done by the “SWI’l’Cl I VOL,TAGE”  box in Figure 4.

The 100 s integration records together with their time stamp
were called the high resolution SRAM data record. So ftwrrr’e
maintained each record for onc hour before disposing of it, ‘1’his
generated 18 consecutive sets (18 periods per hour) of 16 word
records (1 for each SRAM and AVP value) that  were stored in
memory. ll~cse records formed the highest resolution datrr set per
SRAM and pcr AVP value.

A high resolution SRAM record Wtt was about to be
discarded was accumulated into a medium resolution record, The
medium resolution record accumulated or summed the 18 high
resolution records for each SRAM and AV *, value. Each
comple[ed medium resolution record holds integration results for
a one hour period for each SRAM and AVP value. The medium
resohrtion  records time entry represented tk time when the record
was formed. ‘1’hc software rcmincd  mcxlirrm  resolution records for
36 hours for a [otal  of 576 medium resolution records. ‘1’his
group of records formed onc medium resolution data set per
SRAM and per AVP WIluc.

Each SRAM, for each AVP value, measured the tolal fhJeJICC

over the whole mission. ‘Jlis process used memory locations that
were only addti to and never overwritten. The data set was called
the low resolution data set.

The SRAMS wew calibrated dl]ring  each medium resolution
data SC[ by measuring (he number  of stuck 0s and 1s. The
teJnperMUre  of the analog board and the x, y, and z D~ boards
and a temperature circuit  calibration measurement were then
stored, overwriting the previous c,alibmtion  data record.

GROLIND TINI’  I) A’I’A

pFl T dosimcters  from the flight  fabrication run were
cal ibra[cd with the JPI.. CO-60 source. ~“he CO-60 irradiation was
done at room ttmpcra[ure  10 a total dose of 100 (krad(Si)).  The
pFETs were tested at dose levels of 20, 40, 60, 80, and 10Q
(krads)  and at -30, 20, al)d 50 (°C) at each dose level. The pFJ7rs
were nleasured using an hp4062 paramewic tesl system in an
oven tl]ilt was also  cooled wid] liquid nitrogen so that total dose
effects could  be measured as a function of temperature. A
temperature independent threshold voltage damage factor, Vd, of
3.68 (niV/kracl) was nlcasured.  The pFWT was operated in the
saturati(m  region. which was insured by connecting the gate to
the drain as shown in };igure  2, and at the temperature
indcpcllclent pointl.

A JI’L C(l)  from t)ic flight fabrication run was ground tested
to 4.8 (krads(Si))  in the J]’].  CO-60 source at room temperature
and anlmakd  at q 5 (DC) for 72 hours. The CCL> was chaJ7dCtcrizCd
in the JI)L CCD lahora[ory  and a dark current damage factor, ]d,
of 7.38 (JIA/Cm2-kr:id)  at 25 (°C) w~$ meawn-ed3.

An SRAM from [Ilc flight fabrication run was calibrated
using ttIc ~altech ‘1’ardcm  Van de Chmff proton accelerator with
protons at 0.75. 1.0, and 2.0 MeV. The SRAM ground test
respons(’ was analyze.d using the TRIM (Transport Reactions In
Matter) cmnputcr code4. Calibration ck?ta are shown in Figure 5.
The mode] used in the calibration &ssumed a 5 pm over layer or
“derrd” layer and a 7 pni charge collection depth or “depletion”
depth. ‘1 ‘Ile proton calibration data poin[s are the mean values of
the dclt:~ offset voltage,  AVP, where one-half the protons hitting
a CCII sensitive volulnc, Dn2, cause the cell to flip. The proton
data calibrated the 1.? Pl[l technology SRAM at an upset
capacitance, Cu/K = 2.667 (MeV/V),  where K = 44.2 (fC/MeV)
for charged par[icle  produced ionization per unit energy loss in
silicon. “Ile  measured crlc]gy,  AE4 shown in Figure 5, is given
by, AE4 = (CUK) x (AVp). ~’he 1 MeV energy window, shown
in Figure 5, is the measure of the SRAM response to protons in
the. spact  enviroruncn[2,

S1’AC1t  DATA

~hc ground lest rnensured  CO-60 damage factor, Vd = 3.68
(nlV/krmJ),  was used to comprrle  the space measured pFET total
dose. ~’lle downlinkccl  numbers were bits with one ].SB = 1.22
mV frorll  a 12-bit AIJC ]Ilcasuring  between O and 5 volts.

Ds(krad(Si)) =: - “ -; *
civ~

(1)

Where, \Js(mV)  is the. space measured pFET volmge,  Vg(mV) is
the grould measured volmge,  and G = 32.7 is the circuit gain,
The zero dose voltases,  Vg(mV), and a}uminiurn  equivalent
s!]icl(l thickness, d(mils), for each flight RADMON OJ1 the ]SAS



RRELAX at T = 25 (“C) and cm the Clementine  Spacecraft
RRHAXatT=-2.41 (“C) are listed in table 1.

‘I%e pFl:T total dose flight results for the Clementine
spacecraft on 12 May 1995 and the ISAS on 20 Apr. 1994 (lSAS
1994 day 11 O) is shown in Figure 6. The Clemcntine  spacecraft
total dose after 472 chys in space is less than the ISAS over its
mission life. On the Clcmentine spacecraft, the RADMON
dosirneter  circuit dynamic range was exceedml  for pFET Z2
because G = 32.7 for that circuit and a tom] dose of 142.95
(krads(Si)) was extracted with the CMOS cxperimen[  circuit for
that pF13T. l%c ISAS pF13T dosimeter  mission dose profile is
shown in Figure 7. The ISAS is in a 2.13 day lunar transfer orbit
that penetrates the earths radiation belts causing the rapped
increase in total dose.

“1’hc ISAS RRELAX CCD experiment was shielded by 52
roils (Al equivalent). Power law dose depth curves were tit [o the
pIWT daia as a funciion of shield thickness. The pFEl measured
dose at CCD2 was then extrapolated from these curves as shown
in Figure 8.

‘1’he CCD2 sensor chips were 512 pixel line arrays
manufactured at Imral in n-channel Metal Oxide System  (nMOS)
buried channel technology. The RRELAX CCD experiment
measured the dark current generated voltrrge  in the kns[ 8 pixels,
pixel 505 through 512, and the extended pixels with no photo
sensors, 513 through 519. l’hc dam presented here had a photo
sensor dark current integration time of onc second. IS AS CCD2
data showing the prelaunch pixel voltage mean, Vg, and the
extended pixel vol[agc  mean, for ground and space data, VO, are
presented in Figure 9. l’hc ISAS CCD2 hall a prelaunch dark
cumcnt  mcmurcd  on the flight CCD3 of Ig = 1.4 (IVVCn12)  riI 25
(“C) and a voltage conversion of Vc =’ Ig/(Vg - VO) = 11.7
(nA/cm2-V).

The 25 (“C) dark current damage faclor  Id = 7.38 (nA/cm2-
krad) was used to compute the space measured total dose.

Vc(vs - VE)
Ds(krad(Si)) = ]d (2)

Where, Vs(V) is the space measured CCD vol[age  mean for
pixels with photo sensors, pixels 505 through 512. ‘1’he total
dose at 25 (Y), 1>0’), in units of (krads(Si)) is given by,

Where Eg = 1.21 (cV), Ts is the 7.-DLJT board tempcrat  ure, Ds is
the space measured dose from equa[ion  2, and T = 25 (°C).
Temperature concctcd  CCD dose data are shown in Figure 10.
The mmpcraturc  corrcc[irm  given by Eq, 3 is due to [temperature
changes in the intrinsic carrier dcnsi[y associated wi[h bulk
generation currcntS.

T’he CCI>2 dark currcn[ measured dose is compared to the
pFET measured dose at the CCf) in Figure 11. “1’wo prmnincn[
geophysical events were observed during the mission. The Iirst,
a solar proton event on day 52 of 1994  (21 I:cb 94), had a
p]anctary  magnetic index (Kp) of 7+- and was observed at a

nrrmbcr of spacecraft (the proton observations will be discussed
shoruy).  The incre;~~.d  dose rate ,atler the second major event (a
storm sudden commcncerncnt  followed by a brief but intense
geomagnetic storm on day 107) is probably due to trapped
electron belt heatilig  on days 106 and 107 of 1994 (16-17 Apr.
94). “1’lle  increase implies mm-c, higher energy, trapped electrons
along the ISAS orbit. Consistent with this interpretation, Kp =
8+ for the event, indicating a likely large increase in the trapped
ring current and subsequent elecwon  belt  heating. There was,
howe\cr,  appa{-ent]y no large  solar proton event associated with
the event,

Th c IS AS pF’I{T dosimeter, operated at its temperature
independent drain cur]ent, measured a total dose of 11.83 (krads)
on day 109.99. The lSAS pFE1’ Complementary Mctrd Oxide
Semiconductor (CMOS) experiment, using the same pFET
operalc.d at the five different drain currents shown in Figure 12,
memul cd a tom]  dose, 1)(’1’) given by Eq. 6, of 11.47 (krads)  on
day 109.99.  ‘1’he space measured threshold voltage, VTs, is
cornpu[ed  with Eq. 5 flmn second order polynomial coefficients
generated  by fittirlg  drain current, ID, versus gate voltage, VG,
flisht  (Lila with Eq. 4 m shown in Figure 121.

fi) = aO + al(VG)  - a2(VG2) (4)

‘ “(-1 ++-4:%Vt’s = ;:2 (5)

Wtlerc,  V7’t = 1.24 (mV/°C),  T = 25 (“C), and VT= 883.7 (mV)
measu]  ed on [t]e IS AS pI;ET prior to launch, and VTd = 1.674
(n] V/krad)  measured on W12P4C05  for the HP 1.2 pm
lcchn[llogy  ] ‘1’he CMOS experiment pFET dose verifies
dosimc[cr  design and ground calibration methodology. The same
equatitms  rrre used to extract the pF13T Z2 total dose on the
Clemetlline  spacecrall  on 12 May 1995 shown in Figure 13.
Where, Ts = 3.32 (“C) and, T = -2.41 (“C), VT = 863.9 (mV)
nwasul  ed on the Clemcntine  pFET prior to launch, and the other
variables are the sanle, CMOS radiation damage factors for n and
p-chmlncl  Lransislol”s ill 111’ 1.2 and 0.8 pm technologies are
being utilized in radiation test structure designs for the Active
Pixel iinagc Sensors (AIN).

SRAM detector protc)n data from the 2] February 94 solar
proton event have been compared to GOES-6 proton &Ita. First,
Ihc Novice code vvns used to compute the proton environment as
a func[ion  of energy inside the SRAM shields. Table 2 lists the
exlern:tl  envirortmcat  crlcrgy windows, Emin to Emax,  in the 1
McV wide energy wirldow  measured in Figure 5. The internal
cnviro]irncnt frac[ion mean values, fc, inside the shields arc also
Iis[cd ill tahlc  2. Next Lhc environment fractions were computed
with tl]c Novice code fronl  a 2n-sr omnidirectional fluencc  of

2 h4cV) at all energies outside the shields.1.96E9 (pro[rms/cm
l’hc proton  flucnce  was dwrl reduced by the amount fc inside the
shields.

‘ll~c SRAM spcc[ro[nefcrs  are sensitized to pro[ons  for 100s,
every other 100 s peiiocl,  for one hour, giving an on tirnc
fractiml,  f[)rl, of 0.S. l’tw energy window width, AE (Figure 5), is
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1 MeV. The instrument was designed with a 2rc-sr field of view,
Q. The SRAM ixel sensitive area hm an as drawn cross section,

!O, of 42.12 pm , The spectrometer hourly fluence, F(E), in units
of (prolon.s/cm2-sr-MeV-hr)  is given by,

Each pixel can only coun[  one proton in errcl) 100 s proton
sensitive period and there arc 18 sensitive periods each hour,
There are 4096 pixels, NrlT, on each SRAM chip and N is Ihe
measured number of counts per hour in each chip. The
Clcmentine  spcctlomcter  data,  F(E) from Eq. 7, for the
Clcmentine  SRAM Z2 and Z3 pro(on  energy windows and the
GOES-6 hourly flrrcncies  for the proton energy windows P1 and
P3 are plo[[cd in l;igure 14 for comparison,

lhc GOES-6 cxternrd  cnvironmen[ proton energy windows,
Emin and Emax, arc, P 1 = 0.6 [o 4.2 MeV, P2 = 4.2 [0 8.7
McV, 1>3 = 8.7 to 14 McV, and 1)4 = 15 to 44 MeV. The
C1ementinc and GOES-6 energy spectra for the to[al measured
fluencc on 21 Feb. 94 arc shown in Figure 15. I“he data point
energies are Liken at the center  of the energy windows, (F.min +
Emax)/2, listed in Table 2 for [he Clementine  instrument and
above for the CTOI.S -6 instrument.

DOSIMLtTRY  CON CI.USIONS

The primary objcctivc  of the RIUH.AX expcrirncnl was to
monitor tf)c radiation environment for the Clemcntinc  mission.
Two conclusions have been presented vis-a-vis  this obiec[ivc,
First, the ISAS CCL) and CM6S expcrimcn[  rneasurcments  were
shown independently to compare favorably with (he pFIIT
dosimeter  measured [otal dose. ‘this dcmoi~stra[es  Lha[ [he results
of the ground raclia[ion  tests can be used to accurately prcdic[
spacecraft Sensor and clcclronic  component radiation degradation.
The tes[  struclurc approach employed also allowed direct
measurement of radiation effects in space and veri hed our
predictive understanding, of the space environment’s radiation
effects on spacecraft sensors and electronic components.
Secondly, the SRAh4 pro(on spcctromc[er  successfully rneasurcd
the proton flucnce and energy spectrum, ‘J-he data cmnpzred quiie
favorably with GOES-6 data for the srunc event. We therefore feel
confident in stating tha[ the dosimetry  syslem, RADh40AT, has

accura~ely tracked the proton ftucnce  and energy and total  dose for
the Clemcntinc  }hlginccring,  cxpcr’imcnts.
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TABL,I;S

‘J’able 1. pFET zero. dose ground voltages, Vg(mV), and
aluminiurn  equivalent shield thickness, d(mils),  for each flight
RADM(.)N cm (he JSAS RIW;I.AX at T = 25 (“C) and on the
Clemen[ine  Spacecraft RREI.AX at T = -2.41 (“C),
—.— —..——.——_———... —

R ADhlON $WX:lti ISAS
z? V,,(nlV)/d(rnils)  VQ(mV)/d(mils)—-— —. —G . .._
2’,2 ]qg,g/ol 621.8/07
m 074,8/31 335.4/37
2,5 274.8/61 592,2/67
7A 381,()/91 494.0/97-.====  - —a-.G—

“1’able 2 Clernclltine  Spacecraft external environment energy
window’s  and in[crnal  environment fractions, fe, as a function of
kovar  sl)ielding.

—._. ___ .-.—-.  — _______
kovar  shickls Ernin lirn<ax fe mean value
(Z#/ - nlils) (f’Vkv) (JVJCv) (0.7-1,7 MeV). — —  — _ _  . _ .
7,2- () 2.16 3.16 0.261 t0.031
n- 10 11.81 12.81 O.o’fio.oo!l
Z5 - 2(J 1696 ]7.96 o.047io.oo7
Z4 -3021.04:= 22.04 0.037+0.006— — .— . - — .  —
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Figure 2. pl;ET on-SRAM-cllip  dosirnc[er arid opera[ing-rnode
circuit diagrmn,

t’
Figure 3. Schematic diagram of the SRAM cell slmwing the
placenmntofVo  arldtilc  hloa[cd ll-drairl,1)l)2.

[+-]

‘“r

$[
—.

SfAM
(‘N-—

NC)

10Csec  _
?

t
YES

rlRE < :ORD
l o w

R E SO LU T I O N  —
. — . .

I REcORO

[

g

S WITCH

VOLTAGE

Nc)
1 hr. .

‘?

“CRECORD
MEDIUM

RESOLUTION

QRECORD
STUCK

BITS

8

NC

26 hr

?

YEs

OVERWFUTE
MECIUM

RESOLUTION

l:igure  4. Softw:ue  flow diagram showing SRAM &am handling
s[rtitcgy.
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l;igure  5. Clemcntinc  1.2 }[m technology proton calibration
curves stlowing [he Iligl]t energy threshold and the 1 MeV wide
energy WI IKIOW.
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l~igure  6, To(;L1 I adirr[iol]  dose on RADMON pl%’r Z2 as a
f~)nction  t~f alurniniurn  equivalent shield depth for tie CIementine
spacecr:lf[  on 12 May 95 and (he IS AS on 20 Apr. 94.
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Figure 7. Mission dose protile  for the ISAS RA1)MON pll;l’s
in a 2.13 chy lunar tmnsfcr orbit and the associated temperature.
variation.
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Figure 8. ISAS dose-depth curves showing pFEI’ dose at CCD2.
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F:igure 9. A sample of the RRE1.AX ISAS CCD2 data showing
the prelaunch, z.cro dose, pixel voltage mean, Vg, and the
extended pixel voltage mean, for ground and space clam, VO.
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Figure 10. (H) tempmture  corrected, D(T), and uncorrected 1>s
dose data as a funcl iml of tempcmturc.
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Figure 11. CCD dose 1 )(’1’) and pFE7’ dose at the CCF) showing
incre,aml dose rate fifter day 106.
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Figure 12. lSAS Ch40S 111’ 1.2 pm plw’ gate voltage shift on
day  109.99, 20 Apr. 1994.
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Figure 13. C,lementine  CMOS 11P 1.2 pm pFET Z2 gn[e vol[age
shift on 12 hfay 1995.
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Figure 14. Comparison of CIementine  data to GOES-6 data
d u r i n g  [he 21 Fch. 94 solar  protoll  even[. ‘1’he pro[on
spectrometer sensitivity of one count per IIour is shown.
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Figure  15, CIcmcn[ine spacecraft  and CiOES-6  externn]
environment proton energy spcctm  cm 21 Feb. 94.


